We focused on the basic adsorption properties of two types of cations, viz., 1-methoxymethyl-1-methylpyrrolidinium (MMMP) and 1-ethyl-3-methylimldazolium (EMI), on graphene, as aˆrst step in investigating the properties of carbon electrodes in an electric double layer capacitor. To clarify the basic adsorption properties, we usedˆrst principles calculation based on the density functional theory with the generalized gradient approximation for the exchange-correlation energy. We investigated the electrical dipole moment formed between the cations and graphene and found that electric dipole moment per cation formed by MMMP is larger than by EMI. In addition, we found that intramolecular bindings of MMMP are stronger than those of EMI. Based on these results, we conclude that MMMP is more suitable as the material for electric double layer capacitor than EMI.
The structure of 1-methoxymethyl-1-methylpyrrolidinium (MMMP) (leftˆgure) and 1-ethyl-3-methylimidazolium (EMI) (rightˆgure). Light gray, dark gray, black and white balls indicate carbon, nitrogen, oxygen and hydrogen atoms, respectively.
Introduction
Electric double layer capacitors (EDLCs) are being promoted as rechargeable batteries in solar cells, electric automobiles and heavy equipments 1) . The shorter charge and discharge time, high power density and long life cycle are some of the advantages of EDLCs compared to secondary batteries. EDLCs store charge at the interface between carbon electrode surface and ion-conducting electrolytes without Faradaic reaction [2] [3] [4] [5] . In order to achieve large capacitance, electrodes and electrolytes must generate a large dipole moment. In EDLCs, organic electrolytes are widely used because of the advantages they provide in terms of high ionic conductivity and chemical stability compared to nonorganic electrolytes 6) . At present, one major technical problem in achieving high-performance EDLCs is solvent decomposition on the carbon electrodes 7) . It is therefore necessary to search for novel electrolytes to tackle this problem.
Recently, ionic liquids composed of only ionic species have attracted attention due to their application in EDLCs. They have some unique properties such as being non‰ammable, low vapor pressure, and wide liquidphase temperature range, rendering the construction of safe electrochemical devices operable in a wide temperature range 8, 9) . Depending on the ionic species, their ionic conductivity and electrochemical stability are sometimes comparable to or higher than those of the organic electrolytes. Although the use of ionic liquids as electrolytes combined with carbon electrodes in EDLCs has been investigated by many groups [10] [11] [12] [13] [14] [15] [16] , analyses and understanding the structure of the double layer capacitor and the adsorption properties of electrolytes on the electrode surface is still on-going.
In EDLCs, electrodes are immersed in electrolyte containing both cations and anions. After EDLCs are connected to a power supply and a voltage is applied between electrodes, cations are attracted to one electrode, and anions are attracted to the other electrode. Ideally, the cations are adsorbed on a surface of one electrode and anions are adsorbed on a surface of the other electrode. These conditions are maintained even after the power supply is disconnected and keep the voltage. We can investigate the properties of these each adsorbed surfaces separately by the dipole correction layer method 17) . The anion adsorbed surface has reported in [17] . In this study, we investigated the cations adsorbed electrode. As aˆrst step, we examined the fundamental adsorption properties of 1-methoxymethyl-1-methylpyrrolidinium (MMMP) as the cation (developed by Otsuka Chemical Co., Ltd) [18] [19] [20] [21] [22] on graphene electrode using theˆrst-principles calculations. The structure of MMMP is shown in Fig. 1 . For comparison, we also investigated the adsorption properties of 1-ethyl-3-methylimidazolium (EMI) industrially used as a type of ionic liquid cation 23) (shown in Fig. 1 ). The surfaces of carbon electrodes of EDLCs consist of basal surfaces and edges of graphene (the armchair edges and the zigzag edges) [24] [25] [26] . Here, we limit our study to the cations' adsorption properties on the basal surface of graphene. We are doing investigating on the cations' adsorption properties on edges of graphene. 
Computational Method
Stable cation adsorption conˆgurations in this study were determined through geometry optimization calculations based on the density functional theory (DFT) 27, 28) , using generalized gradient approximation (GGA) 29) within the Perdew-Burke-Ernzerhof (PBE) functional 22, [30] [31] [32] for exchange-correlation energy, as implemented in the plane-wave and projector augmented wave method code, VASP [33] [34] [35] [36] . We applied a 400 eV cutoŠ to limit the plane-wave basis set without compromising computational accuracy, and the surface Brillouin zone integration is performed using the specialpoint sampling technique of Monkhorst and Pack (with 3x3xl sampling meshes) 37) . The cations adsorbed on graphene system consists of n MMMP/EMI (n＝1, 2) and a single graphene sheet which is repeated periodically, and separated by 30.0 Å vacuum layer, in order to avoid interactions between graphene in the cell with those in the neighboring cells. In addition, structural optimization was performed using the conjugate gradient method 38) . We considered three supercells of diŠerent sizes to examine the eŠect of coverage; the (4×6) graphene structure, the (3×4) graphene structure and the (2×3) graphene structure, as shown in Fig. 2 . The (4 ×6), the (3×4) and the (2×3) graphene structure consisted of 96, 48 and 24 carbon atoms in the supercell, respectively. In order to determine which substitution groups in MMMP are reactive with graphene, we set three MMMP orientations indicated in Fig. 3 . The orien-tations of EMI are indicated in Fig. 4 . In the case of two MMMPs/EMIs on graphene, we examined all possible combinations of the orientations. We calculated the corresponding total energy of the system, for varying distances between nitrogen and graphene. After that, we calculated the total energy withˆxed graphene and relaxed MMMP/EMI positions at the stable conˆguration 22) . In our calculations, we set an electric dipole correction layer where the electrons are the least dense in the vacuum region, in order to cut the dipole interactions between the repeated image layer systems. From the calculation results, it was conˆrmed that the cations and graphene have negative and positive charges, respectively.
Results and Discussion
3.1 Dependence of electrical potential diŠerence between the cations and graphene on adsorption coverage Figure 5 shows the total energies of one MMMP with (4×6) graphene system in the corresponding three congurations. It indicates that (a) is the most stable adsorption structure with the oxygen atom is close to graphene. We repeated the above procedure to determine the most stable adsorption conˆguration and optimized the structure as we change the number of MMMP and the size of graphene. We found that all MMMPs have (a) orientation in the low coverage cases, i.e., long nitrogen-nitrogen distances (smaller than about 5.7 Å). For high coverage cases, short nitrogen-nitrogen distances (larger than about 5.7 Å), (a) oriented and (b) oriented MMMPs are mixed. We attribute this change in stable adsorption structure to the repulsion between the positive cations. Figure 6 shows the total energies of one EMI with (4×6) graphene system in the corresponding three conˆgurations. It indicates that (d) is the most stable adsorption structure, and the carbon atom is close to graphene. We repeated the above procedure to determine the most stable adsorption and optimized the structure, as we change the number of EMI and the size of graphene.
The electrical dipole moment formed between the cations and graphene depends on the charge distributions and the adsorption structures of the cations 39) . The electrical potential diŠerence between electrolytes and electrodes aŠects the capacitance of EDLCs. In order to achieve a large capacitance, electrolytes and electrodes must generate a large electrical dipole moment. Figure 7 show the adsorbate dependencies of the total electrical potential diŠerence. Figure 8 show the electrical dipole The orientation (a) is the most stable adsorption structure. The potential energies of (b) and (c) orientations are higher than that of (a) orientation. Fig. 6 The potential energies of EMI with (4×6) graphene. The orientation (d) is the most stable adsorption structure. The potential energies of (e) and (f) orientations are higher than that of (d) orientation. moment per cations. From the results, it is seen that the electrical potential diŠerence increases as the cation coverage increases, as shown in Fig. 7 . This means that the total electrical dipole moment increases as the cation coverage increases. On the other hand, Fig. 8 indicates that the electric dipole moment per cation decreases as the coverage increases. The phenomena shown in Fig. 7 and Fig. 8 occur because of the lesser charge transfer between cation and graphene in the high coverage condition. In addition, the potential diŠerence gradient of MMMP is higher than that of EMI in Fig. 7 . To clarify the cause of the diŠer-ence between MMMP and EMI, we investigated the charge distributions of MMMP and EMI by using Bader Charge Analysis 39) . Figure 9 shows the charge distributions and the most stable adsorption structure of MMMP and EMI on the (4×6) graphene. Weˆnd that MMMP is subject to polarization from theˆve-membered ring to the methoxymethyl group (-CH 2 OCH 3 ). The polarization is formed along the z-axis direction in this system, i.e., perpendicular to the graphene surface. On the other hand, EMI is also subject to polarization. However, the polarization is formed along the x-y plane in this system, i.e., parallel to the graphene surface. Based on the above results, we conclude that MMMP is more suitable material for EDLSs than EMI.
Dependence of intramolecular bindings of the cations adsorbed on graphene on adsorption coverage
Next, the adsorption dependence of the intramolecular bindings of the cations is discussed. Weakness of the chemical bonds of electrolytes aŠects the voltage resistance of EDLCs. Weˆrst investigate the bond length dependence of the total energies of MMMP and EMI on (4×6) graphene as shown in Fig. 10 . It is seen that the total energies increase as the length of each (a)-(f) increases, but the gradients rapidly saturate around 2.0 to 2.5 Å. These increases in the total energies are attributed to the energies required to break each of the covalent bonds of the cations. The energies required to break the (b) or (c) bonds are smallest in MMMP ( Fig.  10 left panel) , and the energies required to break the (e) or (f) bonds are smallest in EMI ( Fig. 10 right panel) . Figure 11 shows the adsorption dependence of the energies required to break the (b) bond (in MMMP) and the (f) bond (in EMI). The cation coverage increasing means that the electrical dipole moment increases. As the cation coverage increase, the energies required to break the bonds decrease. In addition, the energies required to break (b) bond are larger than those of (f) bond regardless of the cations coverage.
Toˆnd origins of these phenomena shown in Fig. 10 and Fig. 11 , we analyzed the local density of states (LDOS) of the each atom 2s and 2p orbitals in EMI adsorbed on graphene (shown in Fig. 12 ). We found that as EMI coverage increase, the charge transfer from EMI to graphene decrease and the LDOS structures are shifted toward lower energy. In the case of EMI adsorbed on (2 ×3) graphene, peak structures appeared near the Fermi level. Figure 13 shows the partial charge density distributions for the LDOS peaks near the Fermi level of EMI adsorbed on (2×3) graphene. In theˆgure, the partial charge density distribution on the antibonding states of p * orbital are very clear. The p * orbital is the main factor causing the weakening of the bindings of the ethyl and the methyl groups in EMI. Next, we analyzed the electronic structures of MMMP. As is the case in EMI, we found that the charge transfer from MMMP to graphene decrease and the shift of the LDOS structures toward lower energy as MMMP coverage increase. In the case of MMMP adsorbed on (2 ×3) graphene, the peak structures appeared near the Fermi level, as shown in Fig. 14. Figure 15 shows the partial charge density distribution for the LDOS peaks near the Fermi level of MMMP adsorbed on (2×3) graphene. In theˆgure, the partial charge density distributions on the antibonding states of p* are clear. Most of the electrons occupied in this p * orbital are delocalized occupied around the ethyl and the methoxymethyl groups. As is the case in EMI, the p * orbital is the main factor causing the weakening of the bindings of the ethyl and the methoxymethyl groups in MMMP.
Conclusions
We performed DFT-basedˆrst principles calculations to investigate the most stable adsorption structures, their induced electric dipole moment, the charge distributions and the required energies to decompose the intramolecular bindings of EMI/graphene and MMMP/graphene systems, respectively. We found that the electric dipole moment per cation formed by MMMP is larger than by EMI. In addition, we found that the intramolecular bindings of MMMP are stronger than those of EMI. Based on the obtained results, we conclude that MMMP is more suitable as the material for electric double layer capacitor than EMI.
